The uppermost-mantle structure in the Kinki district has been investigated using apparent velocities of subcrustal earthquakes in the Kii peninsula observed at the Tottori and Hokuriku Microearthquake
Introduction
Surface-wave studies have revealed that P-and S-wave velocities in the uppermost mantle in Japan are very low, 7.5-7.7 and 4.3km/sec, respectively, in comparison with those in continental regions (AKI, 1961; KAMINUMA and AKI, 1963; AKI and KAMINUMA, 1963; KAMINUMA, 1966) . Explosion seismic data have also revealed that the Pn velocity in northeastern Japan is about 7.5km/sec (YOSHII and ASANO, 1972; RESEARCH GROUP FOR EXPLOSION SEISMOLOGY, 1977; ASANO et al., 1979) . This layer with relatively low P-and S-velocities was called an intermediate layer by KANAMORI (1963) . AKI (1961) , on the other hand, has pointed out a possibility that this layer corresponds to the mantle low-velocity layer. KANAMORI (1963) has estimated the thickness of this layer as about 40km in Japan on an average by means of phase velocity of surface waves. KURITA (1969) has given its thickness as about 30km in central Japan by means of Phinney's 47 spectral-ratio method. SUZUKI (1978) , on the other hand, has investigated the uppermost-mantle structure around northern Japan using travel times of shallow earthquakes. According to him, Pn interval velocities between hypocenters and stations are in a range of 7.5-7.7km/sec when epicentral distances are 300-1,000km. Since the deepest point of the ray in this case does not exceed about 100km in depth, it is inferred that the Pn velocity in the uppermost mantle beneath northeastern Japan is about 7.6km/sec down to a depth of 100km. In the Kinki district, the southwestern part of Honshu, HURUKAWA (1983) (hereafter referred to as Paper 1) has derived 7.6km/sec for Pn velocity, which is the same value as that in northeastern Japan, by means of Phinney's spectral-ratio method and travel-time analysis.
Thus, it is an important problem to clarify the distribution of seismic wave velocity in the uppermost mantle.
In the present paper, we shall investigate the It is particularly interesting to know the relation between the uppermostmantle structure and the subducting oceanic plate. As for the Philippine Sea plate considered to subduct beneath the Kii peninsula, quite many investigations have been published (e.g., KANAMORI and TSUMURA, 1971; KANAMORI, 1972; SHIONO, 1974; HIRAHARA, 1981) . Recently, we have also made an investigation on reflected waves from the Philippine Sea plate, and located the plate surface beneath the Kii peninsula (HURUKAWA and HIRAHARA, 1980) . NAKANISHI (1980) and SHIONO (1982) have suggested a possibility of northward continuation of the Philippine Sea plate beneath the northern Kinki and the Chugoku districts. In this paper, we shall show some considerations on the relation between the uppermost-mantle structure derived from the apparent velocities and the subducting Philippine Sea plate. Hereafter, the northern end of the distribution of subcrustal earthquakes is called "seismic front" after YUMURA et al. (1970) instead of the "leading edge ." This seismic front corresponds with the "aseismic front" proposed by YOSHII (1975) , because both fronts are the western or the northern ends of the distribution of earthquakes in a depth range of 40-60km.
Data and Method
In order to calculate the apparent velocity, subcrustal earthquakes in the Kii 
Apparent Velocities in the Hokuriku Network
The apparent velocity V was determined by the least-squares method (Pi= T+Di/V, where Pi, Di, and T are travel time of P wave, epicentral distance at each observation station, and intercept time, respectively) using at least 5 P-times, and is plotted in Fig. 2 . The apparent velocity increases with focal depth from 7.55km/sec at 25km to 8.2km/sec at 60km. However, it does not increase con- 60km except one event in which apparent velocity is 7.89km/sec. Earthquakes with these two apparent velocities, about 7.8 and 8.05km/sec, in the region A and in the depth range of 40 to 60km are hereafter called group A1 and A2, respectively. Figure 3 shows the epicenter distribution, in which epicenters are indicated by different symbols according to their apparent velocities. Apparent velocities seem to have a tendency to increase with the movement of epicenters from SE to NW in the region A. Outside of the region A, however, the apparent velocity is less than 7.9km/sec, even if the epicentral distance is larger than those in the region A. Therefore, the separation of apparent velocities mentioned above is due not to the difference in epicentral distances but to the difference in focal depths. Although two ranges of focal depth for group A1 and A2 are superposed in part, considering the accuracy of focal-depth determination, the above separation of apparent velocities may be explainable by the existence of two horizontal layers in which P velocities are approximately equal to the two apparent velocities, respectively.
Travel-time curves reduced by a velocity of 8.0km/sec are plotted in Fig. 4 . They are composed in such a way that reduced travel time at D=200km derived by the least-squares method is made to be 0.0sec for each earthquake. Travel times of 3 earthquakes of a depth of about 25km are plotted in Fig. 4(a) . The average value of their apparent velocities is 7.56km/sec. Travel times of ten and eleven earthquakes belonging to group A1 and A2 are plotted in Figs. 4(b) and 4(c), respectively. All of them fit well the straight lines, and almost all of the trav- 4. Apparent Velocities in the Tottori Network Figure 6 shows a relation between apparent velocities and focal depths in the Tottori network. Apparent velocities were determined in the same process as in the Hokuriku network. Since travel times at IZT were always larger by about 0.4sec than those at other stations as shown in Fig. 7 , IZT was excluded for the determination of apparent velocities. Apparent velocities thus determined the range from 7.6 to 7.8km/sec in a depth range of 35-60km, and about 7.95km/sec in 60-65km. This distribution of apparent velocities with focal depths of respective earthquakes in the Tottori network differs from that in the Hokuriku network. It seems that the uppermost-mantle structure between the hypocentral area and the Tottori network is simpler than that for the Hokuriku network. The velocity below the Moho discontinuity should be almost constant down to a depth of 60km in the present case. Travel times of 11 earthquakes with apparent velocities of 7.63-7.80km/sec which occurred in the region A at a depth range of 45-60km are plotted in Fig. 7 (a) and those of 3 earthquakes at a depth range of 60-65km in Fig. 7(b) . TTT and SNT, in Fig. 1 are 133 , 143, 159, 175, 199 , and 204km, respectively.
The farthest station KYT was excluded because its data were often unavailable.
The depth of the Moho cannot be determined uniquely, so that we assume it to be 32km which was derived in Paper 1. A discontinuity is put at a depth of 60km
to explain rapid increase of apparent velocity at that depth. First arriving waves of earthquakes in a depth range of 20-32km are head waves from the Moho, and the apparent velocities are equal to the Pn velocity With increasing depth, the apparent velocity increases gradually because direct waves are observed as the initial phases. Near a depth of 60km, head waves from the substratum become the first arrivals at further stations, and the apparent velocity increases rapidly to the velocity of the substratum. Figure 6 shows the calculated apparent velocities for three cases in which the Pn velocities are 7.5, 7.6, and 7.7km/sec, fixing the velocity in the substratum is 7.95km/sec. Observed and calculated apparent velocities are in pretty good agreement when the Pn velocity and the velocity of the substratum are 7.6 and 7.95km/sec, respectively. The Pn velocity thus determined, 7.6km/sec, coincides with that derived in Paper 1. Next, we shall obtain a structure in the case of the Hokuriku network. In this case, 7.6km/sec is assumed as the Pn velocity from the result of Paper 1. Epicentral distances at 7 observation stations, MHJ, AZJ, IMJ, HKJ, FKJ, KAJ, and KMJ, from earthquake No. 26 are 161, 165, 197, 210, 225, 231 , and 263km, respectively, and they were used in the calculation of theoretical apparent velocities. As the data of the most distant station KMJ were often unavailable, theoretical apparent velocities using 6 travel times except KMJ were also calculated for the purpose of comparison. As mentioned in Section 3, two apparent velocities, 7.8 and 8.05km/sec, seem to approximately represent real velocities in the medium, so that we calculate theoretical apparent velocities changing depths of the discontinuities. Most suitable depths of 3 discontinuities including the Moho to explain the observed apparent velocities are 40, 50, and 60km with an accuracy of 5km. The depth of the Moho thus determined agrees with that beneath Lake Biwa derived in Paper 1. Separation of apparent velocities into 7.8 and 8.05km/sec takes place when the layer of 7.8km/sec is greater than 10km in thickness. If the thickness of 7.8km/sec layer is less than 10km, the apparent velocity must increase gradually from 7.6 to 8.05km/sec. Observed apparent velocities of earthquakes in the region A are also plotted in Fig. 8 . If we consider that focal depths of earthquakes in group A2 are greater than those in group A1, or earthquakes in A1 group are shallower than 55km and those in A2 group are deeper than 55km, observed and theoretical apparent velocities show good agreement. Epicentral distances of these earthquakes differ at maximum from those of earthquake No.
26 used in the theoretical calculation. This is one of the reasons for the wide ranges of the observed apparent velocities. In above calculations, apparent velocities were determined assuming that waves approach from directions of epicenters. The assumption of horizontally layered structure, however, is not guaranteed. Here, as mentioned earlier, we shall check the approaching direction of waves according to MIKUMO (1965) which assumes plane-wave incidence. Directions of wave approach determined by this method show good agreements with results in both networks. The differences after the correcion of plane-wave incidence. Therefore, discontinuities derived in this study will not be so much inclined at least in the directions perpendicular to the profiles. Moreover, this result supports the conclusion of HURUKAWA and HIRAHARA (1980) that subcrustal earthquakes in the Kii peninsula occur within the mantle overlying the Philippine Sea plate. Because, these earthquakes occurred within the subducting plate, the initial P waves will travel within it, and their directions of approach should have been contorted counterclockwise in the case of the Hokuriku network. Next, we shall compare both results obtained above. The Pn velocity and the depth of the Moho are consistent with the results of Paper 1 in both profiles. The layer with a high velocity of about 8.0km/sec was detected at a depth of about 60km in both regions. Therefore, this layer seems to exist extensively in the middle part of the Kinki district. On the other hand, the layer of 7.8km/sec was founded only by the data in the Hokuriku network. In this case, the profile is so close to the seismic front that this layer is perhaps closely connected with the layer of the relatively high Pn velocity at the southeast part of the seismic front as discussed in Paper 1. Some discussions will be made on this problem in the next section.
Discussion
One interesting result of this analysis seems to be the detection of a layer with the velocity of about 8.0km/sec at the depth of about 60km. We shall next consider the interpretation of this layer. As already mentioned in Section 1, we have recently investigated the location of the Philippine Sea plate beneath the Kii peninsula by means of the reflected waves (HURUKAWA and HIRAHARA, 1980) and ascertained the existence of its upper boundary at the depth of several tens of kilometers. Taking this earlier result and the 8.0km/sec layer obtained in the present analysis together into consideration, two schematic models shown in Fig.  9 may be possible. In model A, the 8.0km/sec layer is regarded as an aseismic continuation of the Philippine Sea plate. In model B, on the other hand, the 8.0 km/sec layer has no direct relation to the subducting plate. It is commonly said in both models, however, that subcrustal earthquakes beneath the Kii peninsula occur at the bottom of the Asian plate. There is a possibility that Pn velocity changes from 7.6km/sec to 7.8-7.9km/sec upon crossing the seismic front from the northwest side to the southeast (see Paper 1). HASHIZUME and MATSUMURA (1970) have reported that the apparent P velocities of earthquakes, of which epicentral distances are about 350-550km and approaching directions are NE and SW, are 8.0km/sec in the Tottori network. Though they have regarded them as Pn velocities, these waves are perhaps not Pn waves but those in the 8.0km/sec layer mentioned above.
The thickness of the layer with a velocity of 7.6km/sec in the Kinki district has been determined as about 28km in this study. This result is in agreement Fig. 9 . Schematic models of the uppermost-mantle structure in the Kinki district. Asterisks indicate the seismic zone.
An asterisk at a depth of about 80km represents earthquake which occurred on October 6, 1981. Brackets show approximate values of P-wave velocity. with the results of KANAMORI (1963) and KURITA (1969) , but it is different from those in northeastern Japan, a typical subduction zone. Figure 10 shows apparent velocities between two observation stations in the Hokuriku network, namely from MHJ to FKJ, from IMJ to KMJ, and from AZJ to KAJ. Two stations of each pair are situated in almost the same direction from epicenters, especially for the earthquakes within the region A, and the interval between the two is about 65km. Station corrections and inclinations of discontinuities, if any, are not taken into consideration. Some features can be pointed out from this figure. Apparent velocities are larger at the eastern pair in general. Especially the earthquakes whose apparent velocities are 8.05km/sec (A2 group) show clear decrease of apparent velocities westward. If the layer with this apparent velocity is regarded as the continuation of the Philippine Sea plate like model A in Fig. 9 , this decrease may suggest decrease of the velocity in the Philippine Sea plate beyond the seismic front, or it may represent assimilation of the Philippine Sea plate to the overlying mantle. Moreover, the apparent velocity of the western pair (MHJ-FKJ) agrees with the apparent velocity in the Tottori network, so that this change in the 8.0km/sec layer may take place only in the vicinity of the seismic front. WATANABE and FUKUI (1980) have shown the existence of a low-velocity surface layer with a time delay of the order of 0.5sec in the coastal area of the Hokuriku region in the case of Tedori-River quarry blasts. Travel times of earth-quakes which occurred near the Moho beneath Lake Biwa, analysed in Paper 1 are examined in order to estimate station corrections of FKJ and KAJ, because apparent velocities of these earthquakes at these stations are in a range of 7.0-7.7km/sec, agreeing with those in this study, and these two stations have almost the same epicentral distances. A station correction of FKJ thus determined is 0.04sec greater on an average than that of KAJ, and this value is one order less than that derived by WATANABE and FUKUI (1980) . This difference is probably caused by the difference of apparent velocities of waves used. So, even if this station correction is adopted, apparent velocities between MHJ and FKJ increase only 0.04km/sec, and the features mentioned above are still conserved.
An earthquake occurred at about 30km northwest of the seismic front on October 6, 1981 (WAKAYAMA MICROEARTHQUAKE OBSERVATORY, 1982), which is indicated by an asterisk in Fig. 1 . Its focal depth is about 80km and about 15km deeper than those of the deepest earthquakes usually detected within the region A in Fig. 1 . Therefore, this earthquake may suggest that the Philippine Sea plate extends beyond the seismic front. The hypocenter is plotted also by an asterisk in each model in Fig. 9 . In both models the hypocenter is within the subducting plate, at the lower part of the plate in model A and at the upper part in model B, so that we cannot judge which model is better. The focal mechanism of this earthquake is of a normal-fault type and the direction of its T-axis is NE-SW (WAKAYAMA MICROEARTHQUAKE OBSERVATORY, 1982) . In northeastern Japan, focal mechanisms of earthquakes in the double-planed seismic zone are characterized by down-dip compression at the upper plane and by down-dip extension at the lower plane in general (YOSHII, 1979) . In this earthquake, however, its focal mechanism differs from both types, so that we cannot suppose its position within the plate from its focal mechanism. The subducting Philippine Sea plate west and east of the Kinki district, or at Shikoku, Chugoku, and Chubu districts, seems to be more gently dipping and shallower as a whole than that in the Kinki district (OKANO et al., 1978; NAKANISHI, 1980; NAKANISHI et al., 1981; AOKI, 1980) , so that the parallel extensional stress by the contortion of the plate is expected within it. Therefore, it is likely that the focal mechanism of the earthquake on October 6, 1981 represents such a state of stress.
Conclusion
The uppermost-mantle structure in the Kinki district of Japan has been investigated using subcrustal earthquakes beneath the Kii peninsula. Apparent velocities of these earthquakes in the Hokuriku and the Tottori networks revealed the structure around the seismic front of the subducting Philippine Sea plate. Apparent velocities determined by the least-squares method increase with depths from 7.55km/sec at 25km to 8.2km/sec at 65km in the Hokuriku network, and they concentrate on two values in a depth range of 45-60km, or 7.78 and 8.04 km/sec. Since no reverse profile exists, the uppermost-mantle structure was constructed by assuming a horizontally layered model. The low Pn velocity layer of about 7.6km/sec exists in the Lake Biwa region at a depth of about 40km. This layer is about 10km in thickness. Below this layer, a layer of about 7.8km/ sec exists down to a depth of 60km. A layer of about 8.05km/sec lies at this depth. Applying the same method to the data in the Tottori network, we obtained the structure in the western Kinki district. The Pn velocity was determined as 7.6km/sec when the Moho is 32km in depth, and an approximate 7.95km/sec layer exists at a depth of about 60km.
Combining with these two results, we construct the uppermost-mantle structure models in the Kinki district. Their features are as follows: 1) Pn velocity is about 7.6km/sec on the northwestern side of the seismic front and about 7.8-7.9km/sec on its southeastern side. 2) A layer with a velocity of about 8.0km/ sec exists at a depth of about 60km on the northwestern side of the seismic front. We cannot tell, however, whether this layer is an aseismic continuation of the Philippine Sea plate or not. 3) Subcrustal earthquakes in the Kii peninsula occur at the bottom of the overlying mantle on the Philippine Sea plate.
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